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Viewing Leaf Shape and Size Variation in Tobacco Plants under 
Different Temperatures from a Hydraulic Perspective 


; 2 
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(1Key Laboratory of Economic Plants and Biotechnology, Kunming Institute of Botany, Chinese Academy of Sciences , 


Kunming 650201, China; 2 University of Chinese Academy of Sciences, Beijing 100049, China) 


Abstract; Although leaf shape and size are highly variable across different temperatures, few studies have investiga- 
ted the reasons for their variations from the hydraulic perspective. We hypothesized that temperature will induce the 
modification of leaf water-related anatomy and leaf hydraulic conductance, which may play an important role in affec- 
ting leaf shape and size. Narrow and small leaf might be an adaptation to low water transport capacity under low tem- 
perature, making the whole leaf obtain water more uniformly. To test the above hypothesis, we investigated leaf anato- 
my, leaf hydraulic conductance, leaf shape and size of tobacco under two growth temperatures (24 °C/18 °C day/ 
night; 32 °C/26 °C day/night) and analyzed the associations between leaf hydraulic architecture and leaf length-to- 
width ratio. We found that the tobacco leaves at 24 °C were significantly narrower, and had smaller petiole vessel diam- 
eter, lower minor vein density and hydraulic conductance compared with those at 32 °C. However, there was no signifi- 
cant difference in leaf size between two temperatures. Leaf hydraulic conductance was positively correlated with minor 
vein density, but negatively with leaf length-to-width ratio. Our results suggested that the modification of leaf anatomy 
and leaf hydraulic conductance might play an important role in affecting leaf shape under different temperatures. 
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Plants can alter their anatomical, physiological changes (Givnish, 1978; Abrams et al., 1992; Xu 


and morphological traits in response to environmental et al., 2009). Leaf shape and size are highly varia- 
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ble across environments, with narrower and smaller 
leaves more frequent in dry and sunny habitats 
(Givnish, 1979; Roth-Nebelsick et al., 2001; Guer- 
in et al., 2012). Previous studies reported that the 
leaves grown in shade sites often tend to be wider 
and larger compared to sun leaves ( Ashton and Ber- 
lyn, 1994; Yano and Terashima, 2004; March and 
Clark, 2011). In dryer sites narrower and smaller 
leaves are more frequent (Givnish, 1978, 1979; 
Niinements and Kull, 1994). The reasons for the 
variations of leaf shape in different light environ- 
ments and water availabilities have relatively strong 
empirical supports. There are many physiological 
factors involved for narrower or more lobed leaves in 
dry and high light conditions. One advantage for 
smaller, narrower leaves in dry and high light sites 
is to decrease their thinner boundary layer and im- 
prove convective heat exchange with the environment , 
enabling more rapid convective cooling ( Parkhurst 
and Loucks, 1972; Givnish, 1978, 1979). Another 
important physiological factor may be hydraulics. 
There may be a direct hydraulic benefit of small 
leaves because small leaf area (LA) may results in 
the redundancy of major veins and increased minor 
vein density (MVD) which protects leaf hydraulic 
conductance ( Kear) from declining ( Sack and 
Frole, 2006; Brodribb et al., 2007) , and thus con- 
tributes to drought tolerance. Apart from this, smal- 
ler LA reduces the transpiration rate and transpira- 
tion demand, which can reduce the water loss with 
maintaining optimal carbon assimilation. Small and 
narrow leaves present a more efficient control of wa- 
ter losses when water is deficient (Mendes et al., 
2001). 

Temperature would influence the variation of 
leaf shape and size through affecting the gas ex- 
change between leaf and atmosphere. Apart from 
this, temperature can also influence leaf shape and 
size indirectly through affecting leaf hydraulics. 
Nicotra et al. (2011) concluded that several non- 
mutually exclusive theories have been proposed to 


explain leaf shape and size diversity across different 


environments, including thermoregulation of leaves 
especially in arid and hot environments, hydraulic 
constraints, patterns of leaf expansion in deciduous 
species, biomechanical constraints, and adaptations 
to optimize light interception. Despite a lot of func- 
tional roles, Nicotra et al. (2011) thought that leaf 
water relations may play an important role in affect- 
ing leaf shape. Now the most discussed view may be 
thermoregulation, however, little studies have viewed 
the variation of leaf shape and size from the hydrau- 
lic perspective. 

The associations between leaf length to width 
ratio and leaf hydraulic conductance (Kar) across 
different temperatures are likely to be of great impor- 
tance ( Nicotra et al., 2011). The Ka represents 
the capacity of the transport system to deliver water, 
allowing stomata to remain open for photosynthesis 
(Scoffoni et al., 2011). Significant progress has 
been made recently towards understanding the linka- 
ges between anatomy and water transport efficiency 
in leaves ( Aasamaa et al., 2005; Brodribb et al., 
2010), and the hydraulic resistance of mesophyll 
cells and veins. Structural traits and water-related 
leaf anatomy, e. g., minor vein density (MVD), 
are closely associated with leaf hydraulic efficiency 
( Roth-Nebelsick et al., 2001; Sack and Frole, 
2006; Brodribb et al., 2007). For example, under 
a warmer regime, Poa foliosa plants have larger, 
denser vessels that allow for greater water transport 
(Medek et al., 2011). Higher vein density can cor- 
respond to a greater capacity for water supply be- 
cause it can expand the surface area available for ex- 
changing xylem water with surrounding mesophyll 
cells while also reducing the distance through which 
water must travel outside of the xylem (Sack and 
Holbrook, 2006). In addition, major veins have 
greater hydraulic conductance than higher order 
veins and mesophyll cells ( Zwieniecki et al., 2002; 
Sack et al., 2004). These discoveries provide a no- 
vel hydraulic perspective to view the variation of leaf 
shape and leaf size. Plants grown at warmer tempera- 


tures with a high vapor pressure deficit (VPD) often 
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have larger vessel diameters and greater MVD which 
can contribute to greater water transport capacity 
(Medek et al., 2011), helping plants supply more 
water to leaves to meet high transpiration demands. 
Under lower temperature, K,,,; often tends to be 
smaller ( Way et al., 2012). Because water is sup- 
plied to the leaf through the petiole, but lost to the 
atmosphere across its entire surface, the parameters 
that determine the rate of water supply throughout 
the lamina may constrain the shape and size of leaf 
blade ( Zwieniecki et al., 2004a). Additionally, 
major veins have greater hydraulic conductance than 
higher order veins and mesophyll cells ( Zwieniecki 
et al., 2002; Sack et al. , 2004) , the lower hydrau- 
lic conductance under a relative low temperature 
may consequently impose great effects on the varia- 
tion of leaf shape and size to be narrower and smal- 
ler, for removing hydraulic constraints on leaf mar- 
gins. Sisóet al. (2001) investigated that a deeper 
leaf lobation was associated with a lower leaf hydrau- 
lic resistance in broadleaf Quercus species. 

Thus, we hypothesized that lower temperature 
might induce lower minor vein density of tobacco 
plants and lower leaf hydraulic conductance conse- 
quently which might be negatively correlated with 
the leaf length to width ratio of tobacco plants. To 
test the hypothesis, here, we grew tobacco seedlings 
at two different temperatures (24 °C/18 °C day/night; 
32 C/26 C day/night), and quantified changes in 
LA, and leaf 
length to leaf width ( L/W ) ratio of tobacco plants. 


water-related leaf anatomy, Kiat, 
We then investigated the potential impact of meas- 
ured changes in anatomic traits on hydraulic con- 
ductance and the changes in hydraulic conductance 
on leaf shape. The first aim of our study is to investi- 
gate whether water-related leaf anatomy and Kear 
would underlie variations of leaf shape for tobacco 
plants under different growth temperatures. And our 
second aim is to explain the functional significance 
of leaf shape and size variation under a relative low 
temperature from the hydraulic perspective for tobac- 


co plants. 


1 Materials and methods 
1.1 Plant material and growth conditions 

Seeds of a tobacco cultivar ( Nicotiana tabacum 
‘ K326’ ) were obtained from the Seed Center of 
Yunnan Academy of Tobacco ( Yunnan, China). The 
normal growth temperature range of N. tabacum is al- 
most between 24 °C -32 °C (day temperature) ( Ha- 
roon et al., 1972). Seeds were sown and cultured 
within a germination cabinet at ambient temperature 
and CO, concentration. At 30 days after planting, 
the seedlings were transplanted to pots (50 cm di- 
am. X 50 cm tall) filled with red soil and humus 
(3:1, v:v). The pots were placed in two adjacent 
glasshouse rooms (4.0 m long x 3.4m wide x 3.5 
m high). Within each of two treatment rooms, there 
were 30 pots of tobacco plants. Day/night tempera- 
ture treatments were programmed for two different 
temperatures (24 °C/18 °C and 32 °C/26 °C ) , with 
the temperatures set to change at 8. 00 am and 8. 00 
pm. The rooms received natural lighting, with a 
maximum photosynthetic photon flux density ( PPFD) 
of 1 600 umol m” s™'. Relative humidity in each 
room was maintained at a constant (60 +3) % over 
the growing season, such that the VPD co-varied 
with temperature. During the daytime, the VPD un- 
der 24 °C/18 °C and 32 °C/26 °C averaged 1. 19 kPa 
and 1. 90 kPa, respectively, based on the combined 
calculation of air temperature and relative humidity 
(http; //autogrow. com/ downloads/download-software- 
and-drivers ). All plants were irrigated daily and pro- 
vided with adequate fertilizers during the experimen- 
tal period. 
1.2 Leaf hydraulic conductance 

Measurements were made after 40 days of glass- 
house growth. Maximum hydraulic conductance was 
evaluated on four seedlings per chamber using a 
high-pressure flow meter (HPFM; Dynamax Inc., 
Houston, TX, USA) 40 days after transplanted to 
chambers. The whole plants for measurements were 
moved from the glasshouse rooms to the laboratory 
for measuring Ka- The leaves measured were ninth 


to tenth leaves from the stem base for every tobacco 
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plant. The high-pressure flow meter measured resist- 
ance (the inverse of conductance) as the force re- 
quired to push water through a sample for a given 
flow rate. Leaf hydraulic conductance was measured 
by the ‘transient’ method between 11.00 am and 
2.00 pm, and was calculated on a leaf-area basis 
(Sack et al., 2002; Tyree et al., 2005). Briefly, the 
petiole was re-cut under water and then connected to 
the flow meter. Water flowed into the leaf and the 
necessary applied pressure were recorded every 3 s 
while pressure was ramped, at a constant rate of 3 to 
7 kPa s™', from 0 to 550 kPa. Here, K, was com- 
puted as the water flow rate per unit leaf area divid- 
ed by the pressure drop ( between 200 and 550 kPa 
for most measurements ) driving the flow. Leaf area 
(LA) was determined with a LI-3100C leaf area me- 
ter (Li-Cor, Inc.). During this measurement period , 
the laboratory temperature was 20.5 °C to 23.5 °C 
and laboratory irradiance was 20 to 45 pmol m” s''. 
Transpiration rate (E) was determined with an open 
gas exchange system that incorporated infrared CO, 
and water vapor analyzers ( Li-6400; Li-Cor, Inc., 
Lincoln, NE, USA). While the transpiration rates 
were being recorded, the leaves were exposed to 
their specified treatment temperature, an relative hu- 
midity of approximately 70%, and a CO, concentra- 
tion of 380 pmol mol`. 
1.3 Leaf anatomy 

After Kat was assessed, we examined the ana- 
tomical features of these leaves in the laboratory. On 
each leaf, two locations were selected for measure- 
ments of vein density; the middle sites at the both 
sides of the midvein. Fully expanded leaves were 
sampled into 3 x 3 cm sections. Leaf materials were 
then boiled in NaOH (7%) for three minutes for re- 
moving pigments from the leaf to see the entire fine 
vein network, and then stained with safranin. Last- 
ly, the sections were photographed under a light mi- 
croscope at X 4 magnification (Nikon Optiphot; Ni- 
kon, Tokyo, Japan) to record MVD. Minor vein 


density was expressed as the sum of the lengths of 


third-and higher- order veins per unit area ( Zhu et 
al., 2012). Petiole transverse sections (8 um thick- 
ness) were obtained by using a Leica CM 3050 S 
freezing microtome (Leica Microsystems; Wetzlar, 
Germany) and stained with safranin (0.01%) and 
photographed under a light microscope at X20 mag- 
nification (Nikon Optiphot; Nikon, Tokyo, Japan). 
Representative sections of two tissue samples per 
plant from four independent plants of each treatment 
were examined and photographed, for imaging and 
measurement of diameters and density of the petiole 
vessels. Petiole vessel density was calculated as the 
vessel number per area of vascular bundle in the pet- 
iole (Coomes et al., 2008). Petiole vessel diameter 
was calculated as the average diameter of all petiole 
vessels in a petiole cross section. The ImageJ Soft- 
ware (US National Institutes of Health, Bethesda, 
MD, USA) was used to measure MVD, petiole ves- 
sel density and petiole vessel diameter. At least 40 
fields of view were measured from each treatment. 
1.4 Leaf morphology 

Leaf morphology was recorded on fully expand- 
ed leaves which were removed from each of four 
plants per treatment (ninth to tenth leaf from the 
stem base). Because tobacco leaves had simple, lin- 
ear leaves with generally entire margins, leaf shape 
was calculated as the ratio of leaf length to leaf width 
at the widest point. 40 days after transplanted to 
glasshouse rooms. Leaf area was measured with a LI- 
3100C leaf area meter (Li-Cor, Inc., Lincoln, NE, 
USA). 
1.5 Data analysis 

Differences in data for leaf anatomy, hydraulic 
conductance and morphology between two different 
treatments were evaluated by one-way ANOVA. Means 
and standard errors were estimated from four repli- 
cates. Error bars indicated the standard error of the 
mean across replicates. Relationships between varia- 
bles were examined by Pearson’ s product-moment 
correlations. The results were accepted as significant 
at P<0.05. All statistical analyses were conducted 
with SPSS 16.0 (SPSS Inc., USA). 
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2 Results 
2.1 Variation of leaf hydraulic architecture þe- 
tween different temperatures 

Great differences in leaf anatomy and K,,,, of to- 
bacco plants were observed between 24 °C and 32 C. 
Petiole vessel density of tobacco plants under 24 °C 
and 32 C was 1 118.77 and 839.91 mm”, respec- 
tively. Tobacco leaves grown under 24 °C. were 33. 4% 
greater in petiole vessel density than leaves grown un- 
der 32 °C (P<0. 01; Fig. 2A). Petiole vessel diame- 
ter of tobacco plants growing at 24 °C (20.67 pm) 
was significantly less than that of tobacco leaves at 
32 C (26.9 um) (P<0.001; Fig. 2B). As expec- 
ted, a relative low temperature also induced a signi- 
ficant decrease in MVD (P<0.01; Fig. 2C). Minor 
vein density of tobacco plants under 24 °C and 32 °C 
was 6. 25 and 7. 80 mm ~, respectively. When PPFD 
was 1 500 pmol m`? s™', transpiration rates were 
8.07 mmol m™' s™' for HT plants and 4. 50 mmol m™' 
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a significant decrease (34% ) in Kaç from a mean of 
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Fig. 2D). 
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Fig. 1 Changes in transpiration rate (E) for tobacco leaves in re- 
sponse to PPFD when plants were grown at 24 and 32 °C. Vertical 


bars indicate standard errors of means for 4 measurements 
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Fig. 2  Petiole vessel density, petiole vessel diameter, minor vein density ( MVD) , and leaf hydraulic conductance (Kj...) of tobacco 


plants grown at 24 °C and 32 C. Data bars not sharing the same lowercase letters (a and b) are statistically 


different at P < 0.05 by Tukey’s test. Values are means + SE; n=4 per treatment 
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2.2 Changes in leaf morphology between dif- 
ferent temperatures 

Leaf length-to-width ratio reduced significantly 
from 24 C to 32 C (P<0. 001; Fig. 3A, Fig. 4). 
The L/W ratio of tobacco leaves growing under 24 °C 
was substantially greater than that under 32 °C , with 
2.70 under 24 C and 2. 00 under 32 °C , respective- 
ly. However, there was no significant difference be- 
tween LA of tobacco plants growing under 24 °C and 
32 °C (P>0. 05; Fig. 3B). The LA of tobacco plants 
under 24 C and 32 °C was 527.5 cm° and 506. 00 
cm’, respectively. 
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Fig. 3 The leaf length-to-widthratio (L/W) and the leaf area of to- 
bacco plants grown at 24 C and 32 °C. Data bars not sharing the same 
lowercase letters (a and b) are statistically different at P<0. 05 


by Tukey’s test. Values are means + SE; n=4 per treatment 


2.3 Relationship between leaf hydraulic archi- 
tecture and L/W ratio 

A significantly positive correlation was observed 
between MVD and K,,,, of tobacco leaves under two 
different temperatures (R? = 0.91; Fig.5A), but a 
negative correlation between leaf hydraulic conductance 
and L/W ratio was observed (R?=0. 70; Fig. 5B). 





Fig.4 Photographs of leaf shape of tobacco plants 
grown at 24 C and 32 °C 
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Fig.5 A. the relationship between minor vein density (MVD) and 
leaf hydraulic conductance (Kat) of tobacco plants grown under two 
different temperatures; B. the relationship between leaf hydraulic 
conductance (Kear) and the leaf length-to-width (L/W) ratio 
of tobacco plants grown under different temperatures. 
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3 Discussions 
3.1 Changes in leaf hydraulic architecture in- 
duced by temperatures 

Significant reductions occurred in MVD, petiole 
vessel diameter due to the effects of lower tempera- 
ture, with a trade-off between petiole vessel diameter 
and vessel density. The modification of leaf anatomy 
under lower temperature can be attributed to two rea- 
sons ( Medek et al., 2011; Way et al., 2012). The 
first might be that the lower temperature changed the 
development of leaf anatomy ( Medek et al., 2011). 
Another reason might be the lower VPD and evapo- 
rative demand under lower temperatures. As the rela- 
tive humidity in our study remained constant, the 
decrease in temperature led to a lower VPD and de- 
creased transpiration rate (Way et al., 2012). Thus, 
there is no need for tobacco plants producing dense 
minor veins to provide more water to leaves under 
lower temperature. 

Decreased MVD and changes in petiole vessels 
partly resulted in lower water transport capacity un- 
der lower temperature, which can be indicated by 
the positive correlation between MVD and Kate De- 
creased MVD reduced the surface area available for 
exchanging xylem water with surrounding mesophyll 
cells and also reduced the distance through which 
water must travel outside of the xylem (Sack and 
Holbrook , 2006). Petiole vessel density and diame- 
ter are also closely correlated with hydraulic con- 
ductance ( Medek et al., 2011). As proven by the 
Hagen-Poiseuille equation ( Hellemans et al., 1980) , 
conductance through an ideal pipe is proportional to 
the fourth power of conduit radius. Thus, in our 
study, a decrease in petiole vessel diameter leads to 
a large decrease in vascular hydraulic conductance 
although petiole vessel density increased from 32 °C 
to 24 C. 

3.2 Modification of leaf shape offsetting lower K,,,, 

The negative association between leaf length to 
width ratio and Ka supported our hypothesis that 
leaf shape may have important functions in hydrau- 


lics. Narrow leaves might be an adaptation to low 


water transport capacity induced by lower tempera- 
ture. This is concordant with previous reports of 
Nicotra et al. (2011) and Zwieniecki et al. (2004a, 
b) that hydraulic limitations is an important physio- 
logical factor influencing leaf length to width ratio 
during the period of leaf expansion, although lots of 
intrinsic and extrinsic factors are involved in deter- 
mining leaf shape, such as thermoregulation, pat- 
terns of leaf expansion, biomechanical constraints , 
adaptations to optimize light interception. 

Hydraulics might affect the shape of tobacco 
leaves under lower temperature for several reasons. 
The first reason might be that the increased distances 
from the midrib to leaf margins need a larger vein 
network and greater water transport capacity to trans- 
port water to cells, preventing leaf margins drooping 
(Xu et al., 2009). However, tobacco plants grow- 
ing under lower temperature have lower water trans- 
port capacity. Reducing the distance from the vein to 
the leaf margin can help tobacco leaves remove the 
hydraulic constraint on leaf width because mesophyll 
cells have a very limited capacity to transport water 
compared with major veins ( Cochard et al., 2004). 
Narrow leaves could maintain a greater proportion of 
leaf tissue closer to main veins. Because first-order 
veins have high axial conductance and relatively 
small radial permeability, and higher-order veins 
and mesophyll cells tend to be more hydraulically re- 
sistant than major veins, thus allowing water to 
reach distal areas of the leaf is easier than leaf mar- 
gins. Zwieniecki et al. (2002) found that in Laurus 
nobibis leaves, the leaf margins had pressures almost 
0.2 MPa lower than that of the middle of the leaf. 
Therefore , leaf margins are more likely to be hydrau- 
lically disadvantaged relative to the rest of the leaf. 
Consequently, the distance from the midrib to leaf 
margin might influence the ability to supply and dis- 
tribute water to the leaf margin, and in turn affect 
leaf shape. 

Another reason might be that water transported 
to expanding cells across the leaf lamina during 


growth can determine the extent of local expansion, 
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thereby affecting the morphology of leaves ( Zwie- 
niecki et al., 2004b; Nicotra et al., 2011). Zwie- 
niecki et al. (2004b) reported that leaf shape could 
be determined by cell expansion. The expansion of a 
leaf is limited by its water status because further leaf 
expansion will lead to stomatal closure at leaf mar- 
gins with low water availability. Leaf shape could 
therefore be directly controlled by the water availabil- 
ity of leaf margins during the period of leaf expansion. 
However, in our study, this suggestion lack abundant 
evidence, and needs to be further investigated. 
3.3 Leaf shape and size—a trade-off between 
acclimating to hydraulic limitations and optimi- 
zing light capture 

In this study, leaf shape changed greatly be- 
tween two different temperatures; however, there is 
no significant change in LA of tobacco leaves. In 
cold areas, LA often tends to be small. To increase 
light interception area for photosynthesis might be 
one of the reasons that why tabacco plants under 
lower temperature did not reduce LA (Ball et al., 
1988; Nicotra et al., 2008). Apart from accommo- 


dating to lower Kar under a relative low tempera- 


lea 
ture, narrower leaves might also plays a crucial role 
in increasing the whole plant light capture efficiency. 
Takenaka (1994) who used a computer simulation 
to study the possible effects of the length-to-width ra- 
tio of a leaf blade on shoot light capture, found that 
higher length-to-width ratios increased light capture 
per unit leaf area due to a reduced aggregation of 
leaves around the stem. The combination of narrower 
leaves without reducing LA under lower temperature 
might be a strategy to acclimate to lower water trans- 
port capacity for providing a relatively homogeneous 
water supply across the leaf lamina and at the same 
time not reduce light interception area for photosyn- 


thesis (Ball et al., 1988; Nicotra et al., 2008). 


4 Conclusions 
The present study investigated the interplay be- 
tween the leaf hydraulic architecture and the varia- 


tion of leaf shape and size under different tempera- 


tures. Our results suggest that the combination of 
narrower leaves without reducing LA under lower 
temperature for tobacco plants might be a result of 
decreased MVD and lower K,,,,. However, the rela- 
tionships between leaf shape and other structural and 
physiological traits under different temperatures re- 
main unclear, we need to learn about the impacts of 
temperature on leaf shape and size variation during 


leaf expansion from a hydraulic perspective. 
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